The effect of interlayer coupling on the transport properties and dissipation in a magnetic field is reviewed for superconducting multilayers including highly-anisotropic high-temperature superconductors (MIS) . For the applied field parallel to the superconducting layers the absence of any Lorentz-force dependence of the dissipation leads to an explanation other than flux motion. This is consistent with a Lorentz-force-independent, intergranular Josephson junction dissipation which dominates flux motion because of the strong, intrinsic pinning of the insulating regions between layers. However, in superconducting multilayers the dissipation is seen to cross over from phase slips at Josephson junctions to depinning of vortices from the external field at high fields and temperatures. For fields perpendicular to the superconducting layers the much greater resistive broadening in HTS is due to dissipation by thermally-activated flux motion, consistent with a lack of intrinsic pinning. We show experimental evidence that the associated flux motion occurs as a result of a crossover from three dimensional (3D) vortex lines to 2D independent pancake-like vortices, residing in the Cu-O layers. This 3D to 2D crossover occurs after kBT exceeds the Josephson coupling energy.
INTRODUCTION
The purpose of this paper is to review the effects of interlayer coupling on the transport properties and dissipation in a magnetic field of superconducting multilayers including the highly-anisotropic hightemperature superconductors (HTS). Experimental results from both HTS and low-temperature superconductors (LTS) will be used to illustrate suggested models for the dissipation mechanisms. An important example in HTS is the unusual field-induced broadening of resistivity transitions, p(T,H), which places limitations on the value of the materials for moderate to high-field applications and has led to theories of thermally-activated magnetic flux creep1, flux-lattice melting2 or a vortex-glass transition3.
For fields parallel to the superconducting layers, e.g., the Cu-O, ab-planes in HTS, (HI lab), the broadening is smaller, and the absence of any measurable Lorentz-force dependence46 of the dissipation leads to an explanation other than motion of vortices from the external field6, e.g., Josephson coupling. Lorentz-force independence is also found6 in the low-temperature critical current density, J, and the current-voltage characteristics, 1(V), for c-axis-oriented films of Tl2Ba2CaCu2O, and strong intrinsic pinning has been demonstrated in J measurements on multilayers7 of the LTS superconductor NbN with insulating A1N. However, in these LTS multilayers the dissipation is seen to cross over from phase slips at intergranular Josephson junctions in the NbN layers at low fields to depinning of external-field vortices at high fields and temperatures: these phase slips do not require the existence of an external field.
For fields perpendicular to the superconducting layers, e.g., parallel to the c-axis for HTS (HIIc), the lack of intrinsic pinning implies that the much greater broadening is due to thermally-activated flux motion. For the highly-anisotropic HTS, experimental evidence indicates that the flux motion associated with this broadening occurs8 as a result of a dimensional crossover from three dimensional (3D) vortex lines to 2D independent pancake-like vortices9, which reside in well-coupled adjacent Cu-O bi-or tri-multilayers. This decoupling of vortices renders the sparse pinning sites in individual Cu-O multilayers to be much less effective. The 3D to 2D crossover is shown8 to occur when kBT exceeds the Josephson coupling energy of these Cu-O multilayers. For the less anisotropic YBa2Cu3O7, this dimensional crossover does not occur much below Hc2, presumably because the conducting Cu-O chains short circuit the interlayer coupling. The resulting 3D dissipation may be explained by thermally-activated magnetic flux creep1 or a vortex-glass transition3. These results explain why YBa2Cu3O7 has the best properties in a field and also shows that strong interlayer coupling is a key to finding good alternatives.
FIELD PARALLEL TO LAYERS
2.1. Crossover in NbN/A1N multilayers Studies related to the intrinsic pinning of the Cu-O layers for fields parallel to them have been done in sputtered artificial multilayers of the LTS superconductor NbN with insulating A1N. The fabrication and characterization is discussed elsewhere7. The multilayer structure and measurement geometry are shown in Fig. 1 , which also indicates that the magnetic vortices, which are shown projected onto the front side, lie in the strongly pinning A1N insulating layers (thickness of 2 nm). For the various NbN layer thicknesses (shown in Fig. 2 ) in which T varied between 10 and 15 K, the field-dependent J at a temperature of 4.2 K is plotted against 1-b, where bEH/H2. The high-field behavior is always a good fit to the (1-b)2 dependence of vortex depinning from an ideal planar vacuum interface10, but there is a sharp crossover at a reduced field which varies with NbN thickness. Further experiments, with the field rotated parallel to the transport current (see Fig. 1 ), tested the Lorentz-force dependence. As opposed to the highfield behavior, Jc was completely independent of the macroscopic Lorentz force at fields below the crossover. Thus, the low-field J was unlikely to be due to motion of external field vortices, since it should then continue to extrapolate with the high field (1-b)2 behavior also found1° in thick films of NbN.
Intergranular Josephson junction model
It was recognized that these results could be explained in terms of Josephson coupling between the columnar grains in NbN sputtered films (10-100 nm diameter and rr1 by thin insulating boundaries). In these junctions, dissipation occurs by phase slips which havelZ a weaker field dependence than ( 1 -b)2 and no macroscopic Lorentz-force dependence to satisfy the low-field results shown in Fig. 2 . In zero field, the Josephson critical current, Ij, depends on the product of the superconducting order parameters, iia and Vb on each side of the junction1. Applied fields will be quite uniform for .tH>O.2 T, because then the penetration length, 2, is >> the flux line spacing, but depairing by the field will reduce ii: Abrikosov's solution14 of the vortex lattice determines the spatial average of ii from q,2>=ij02(1-b), where wo is the zero-field value. Thus to first order, TcjcVaN1b0c(lb), which is a weaker field dependence than the (1-b)2 for pinning. Finally, phase slippage occurs in zero field and does not require flux motion of external-field vortices, so it is independent of the macroscopic Lorentz force.
The data of Fig. 2 is interpreted as a competition between depinning of the external field vortices and Josephson phase slippage with the experimental J measuring the weaker. For b less than the crossover field, b*, the Josephson critical current between grains of the film is smaller than the depinning critical current, which is presumed to continue to increase as (1-b)2 as in the single NbN films. For JIB, the Lorentz force is a maximum and there will be a crossover to depinning (at b*), if Jc<Jco, because of the weaker field dependence of Such a crossover is not expected for JIIH, and J is significantly larger (3 times) than for JIH. For 11111, J (not shown) does not appear to follow the ideal Josephson behavior up to Hc2, but rather a mixed behavior which can possibly be understood as due to some residual Lorentz force due to inhomogeneous intergranular current paths.
Measurements in T12Ba2CaCu2O
Resistive transitions for various H parallel to the Cu-O layers of epitaxial films of Tl2Ba2CaCu2O are shown in Fig. 3 for both the maximum and minimum Lorentz force orientations (HIJ and HIIJ), where J is the current density, equal to 10 A/cm2. This independence of the dissipation on macroscopic Lorentz force is also found in R(T), the low-temperature Jc and 1(V) for polycrystalline Tl2Ba2CaCu2O films5. As in the NbN/A1N multilayers, a dissipation mechanism other than vortex motion is suggested here6: again it is reasonable due to the significance of the intrinsic vortex pinning, expected by the wide insulator spacing, in this case between Cu-O bilayers. Misalignment of the external field or crystal axes can be ruled out as an explanation, because an average value of 3.8° would be needed to match data for HIIc. Information on the nature of the transitions is obtained by fitting to: where U(T,H) is the activation energy. The straight lines fit the data of Fig. 3 give Ucx(1-t)IBO.55, where tETIFc. Following the results in NbN/A1N multilayers the T12Ba2CaCu2O data can be interpreted as due to a Josephson junction, for which U is given by Ecj/kB, which in zero field is13:
where RN is the normal-state junction resistance (e.g., above T) and A(T) is the energy gap. The resulting Uoc(1-t) near to T has been confirmed by measurements in granular NbN films12. While the temperature dependence for the Tl2Ba2CaCu2O agrees, the field dependence is hard to understand within a simple Josephson junction model (see Section 3. 1 below), so the exact nature of the residual non-vortex motion dissipation in Tl2Ba2CaCu2O for Hilab is still unclear.
FIELD PERPENDICULAR TO LAYERS
In this section, we concentrate on the intrinsic multilayers of Cu-O bilayers found in HTS. For HIIc, it is reasonable that, due to the lack of intrinsic pinning, the much greater broadening of the resistive transition is due to thermally-activated flux motion13. This irreversibility behavior can be quantified experimentally by a characteristic field, H*, such that pab(T,H*)/pn=105, where p is the normal-state, ab-plane resistivity at T. Such H* are plotted in Fig. 4 against 1-t for many samples of various HTS, including some from the literature1517, showing that H* is fairly independent of sample (e.g., epitaxial or polycrystalline films, single crystals, minor amounts of second-phase material, etc.), at least if our uniform criteria is used. An important step for understanding the case of HIIc was the recognition that for sufficiently weak coupling between superconducting layers, implied by a high degree of anisotropy, that the usual concept of three dimensional (3D) vortex lines should be replaced with one of 2D pancake-like9 vortices confined to individual Cu-O bilayers. In addition, this weak coupling allows for thermallyactivated decoupling of pancake vortices in adjacent layers, which greatly reduces the effectiveness of pinning (e.g., point defects in superconducting layers), when compared to extended, 3D vortex lines.
Nature of the interlayer vortex coupling
The nature and strength of pancake vortex coupling between adjacent layers is crucially important to the vortex dimensionality and dynamics. It is necessary to consider the relative importance of various types of coupling between layers: electromagnetic, i.e., due magnetic fields or currents associated with the vortices; and Josephson, i.e., due to the superconducting pairs' wave function.
Electromagnetic coupling was first studied in the ingenious experiments of Giaever18, in which a perpendicular field was applied to two electrically insulated, superimposed, superconducting films with vortices threading both films. The Lorentz force due to a current in one film causes flux motion, and vortices in the secondary film are dragged along until the maximum electromagnetic coupling force, Fcm, is exceeded, and then a secondary voltage is observed due to the Faraday effect. The theoretical analysis of Clem19 has been adequately verified near T in small fields by Ekin and coworkers2° and at significantly higher fields and lower temperatures by Gray21. In particular, the very strong, Fcm'?C4, penetration-length, X, dependence was verified.
Clem22 has recently extended his analysis of electromagnetic coupling to the case B>>Bi (where Bi is the lower critical field and the vortex spacing is smaller than the penetration length in the layers, 2), and found the energy of a pancake vortex, misaligned at a distance r (with s the layer repeat distance), to be: where y-'O.577215. Note the strong temperature dependence of Uem''(1-t)2 near T, where t T/T. In finite fields, the flux-lattice spacing, rB-'V4(JB, defines the spatial periodicity of the fields and currents, so that Uem can never be larger than Uem(i). For the highly anisotropic Bi-and Tl-based cuprates, s-1 .5 nm and ir23o nm, so the characteristic temperature for loss of alignment is given by TB Uem(rB)/kB Q/B with Q--8.4 KT. Thus for B > 1 T, one finds TB<<TC in Bi2Sr2CaCu2O8.
Josephson coupling has its origin in the energy costs associated with any differences in the phase of the superconducting wave function across a Josephson junction. Zero phase difference occurs when vortices are aligned across a junction, but when they are misaligned, there is necessarily a spatially dependent phase difference across the junction. Clem23 has calculated, Uj, the energy for a pancake vortex misaligned at a small distance r to be:
where I(T) is the unfluctuated Josephson critical current (Eq. 2), RN is the normal-state junction resistance, A is the junction area and A(T) is the superconducting energy gap, while for r>>r, U = e1 rc r. For Bi2Sr2CaCu2O8, the effective-mass anisotropy of --1O means the crossover occurs for rc'-45Q nm, which corresponds to the average flux spacing at 0.01 T. Thus Eq. 4 is valid for most experimental situations, and similar to electromagnetic coupling, the maximum value of U in a finite field, Ujm, is
in this case because of the spatially periodic superconducting wave function in an Abrikosov lattice. The temperature dependence of U is given by Eq. 2; near T the dependence is (1-t), and therefore weaker than the (1-t)2 dependence for electromagnetic coupling. From standard tunneling theory24 and experiment25, e should be proportional to exp(d/d), where d is the insulator thickness and d0=/i(8mcI accounts for the tunneling barrier height, 1. It is important to thus recognize that Ujmax is intrinsic, albeit field-dependent, with a sample-dependent, zero-field cutoff given by eA.
There is a useful analogy between superconducting multilayers, e.g., in the highly-anisotropic HTS cuprates, a pair of Cu-O bilayers separated by a region of weaker superconductivity, and discrete
Josephson tunneling junctions, comprised usually of two metallic superconducting films separated by an insulating oxide of one of them. Discrete Josephson junctions in a perpendicular magnetic field, have not received the attention that the parallel field case has. However, recent experiments on small-area, thin-film Nb tunnel junctions26, in which e can be separately measured, have shown that the appropriate U is in excellent quantitative agreement with Eq. 6.
The experimental evidence which implies that Josephson coupling dominates in the cuprates is, briefly: (1) that the coupling energy8 for a series of cuprates depends exponentially on the insulator spacing (between adjacent Cu-O bilayers) with a reasonable tunneling barrer height of ''O.8 eV; and (2) that the 'irreversibility behavior' defined below by a crossover field, H , shows the 1 -t dependence expected for Josephson coupling and not the (1 -t)2 dependence predicted for electromagnetic coupling22. The analogy between discrete Josephson junctions and layered cuprates is further supported by microwave emission experiments on Bi2Sr2CaCu2O8 and Tl2Ba2Ca2Cu3OlO crystals27, in which it is observed that each pair of bi-or ti-i-layers of Cu-O forms a separate working Josephson contact. 
Josephson interlayer coupling model for HTS
The dimensional crossover occurs when the coupling energy between adjacent Cu-O multilayers, Ujmax(H,T), is ''kBT. For Josephson tunneling through an insulating barrier, Ujma, given by Eq. 6 must include a (1-b) term to account for the spatially-averaged order parameter over the flux-line lattice. The total Josephson coupling of a vortex to both neighboring Cu-O layers is 2Ujma. The resulting 3D to 2D dimensional crossover is shown as a thin solid line in Fig. 5 
where Pnc is the normal-state c-axis resistivity. However, even in totally decoupled layers, the 2D pancake vortices must overcome some finite pinning energy. The energy associated with depinning is written as that fraction, a, of the loss in superconducting condensation energy in a vortex core, which is compensated by a particular pinning site10:
where B is the thermodynamic critical field. An example of thermally-activated depinning is also shown in Fig. 5 as a dashed line for a0dBc(O)2/4i0kBTcBC2(O)=O.5. Vortices must overcome both energy barriers, so a characteristic field for dissipation, H*, can be defined theoretically by solving kBTUp(H,T)+2Ujmax(H,T), and this is shown in Fig. 5 as the heavy solid line.
The H* data of Fig. 4 are thus fit to H* of the Josephson model using three parameters: H2; Pc' which is related to the strength of Josephson coupling; and aBc2/2.Lo, which is related to the 2D pinning strength. The fits are relatively good and the parameters derived agree reasonably well with other measurements8. An important further prediction of coupling by Josephson tunneling is an exponential dependence of Pc on d1, and the data are shown in Fig. 6 for the Ti-and Bi-based HTS materials. While these data do not fall on one straight line, we anticipate the possibility of different tunneling barrier heights or tunneling effective masses, at least between Bi-O and Tl-O insulating layers. Nevertheless, the best fit gives a reasonable value of d0=1 A and a barrier height of 0.8 eV, assuming a free electron mass. Values of d=1-1.6 A are typically found in artificial or natural oxide tunneling barriers24'25. Note that data for fully-oxygenated YBa2Cu3O7 could not be fit to the model with a reasonable value of Pc: because of its must lower anisotropy, YBa2Cu3O'i appears to be 3D over most of the accessable H-T phase diagram.
C-axis resistivity
Recent results28 in Bi2Sr2CaCu2O8 single crystals reveal a magnetic-field dependent peak near T for HIIc, which has been confirmed by later studies29. Initial attempts to explain the field-dependent transition at low temperatures by 1D phase slippage28 or by fluctuation effects°, gave no explanation of the empirical 'semiconducting' behavior of the normal-state. Consistent with the irreversibility model presented in Section 3. 1 , a single explanation for both the low-T, field-dependent transition and the high-T, field-independent normal-state 'semiconducting' behavior has been constructed31 by considering the caxis conduction to be that of a stack of ordinary Josephson tunnel junctions in series, connecting wellcoupled units of superconducting Cu-O bilayers.
A model for the conductance of a Josephson junction as the sum of that due to pair tunneling and that due to the tunneling of unpaired electrons was proposed: it shows a peak with temperature and was verified with data on discrete, Al thin-film Josephson junctions31. Using 2D fluctuations, calculated beyond the Gaussian approximation32, and values of A measured by tunneling3335, good agreement was found31 with the measured Pc(T,H). In Fig. 7 , the data28 are shown as open symbols, together with a two-parameter fit to the above model (Ej(O)/kBTc to match the field-dependent resistance increase below the peak and to match the field-independent shape above the peak, d, the thickness of the isolated conducting bilayers). From the field-independent decrease at high temperatures, d is found to be O.6 nm which is less than s, confirming that the 2D fluctuation model is appropriate, but greater than the Cu-O bilayer spacing of 0.3 nm, implying that the bilayers can be treated as a single layer. As an independent check, the 2D 
SUMMARY OF CONCLUSIONS
The dissipation associated with the broadened resistive transitions of the highly-anisotropic hightemperature superconductors has been studied for fields parallel and perpendicular to the superconducting layers. The absence of any Lorentz force for H parallel to the Cu-O layers is shown, by analogy with artifical multilayers of superconducting NbN with insulating A1N, to be due to the strong intrinsic pinning of the layered structure, such that the residual measured dissipation is due to a mechanism not involving vortex motion. For H perpendicular to the Cu-O layers, vortex motion causes the dissipation, but only after a crossover from 3D vortex lines to 2D vortex pancakes. This intrinsic crossover is determined by the Josephson coupling between Cu-O bi-or tn-layers and thus is unaffected by additional flux pinning. At low temperatures, pinning can be effective even in the uncoupled 2D layers, and can also increase H* and the critical current density in this model. 
